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(54) Compression-Ignition type engine 

(57) A compressionHgnition type engine in which 
the engine operating region is divided into a first operat- 
ing region F of a low load side and a second operating 
region Q of a high load side. When the engine operating 
state is in the first operating region F, fuel is injected just 
once before 50 degrees before top dead center of the 
compression stroke. When the engine operating state is 
in the second operating region G, first fuel injection I, of 
an amount of not more than 30 percent of the maximum 
amount of fuel is performed in an injection timing region 
II and second fuel injection l 2 is performed at substan- 
tially the top dead center of the compression stroke. 
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Description 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

The present invention relates to a compression-ignition type engine. 
2. Description of the Related Art 

10 

In a compression-ignition type engine, the degree of dispersion of the fuel injected into the combustion chamber 
has a major effect on the combustion. That is, if the fuel is made to disperse throughout the combustion chamber, the 
amount of heat generated per unit volume becomes lower, so the combustion temperature becomes lower and there- 
fore smooth combustion is achieved without the generation of NOx. Further, since there is sufficient air present around 

is the fuel particles, soot is no longer generated either. Therefore, known in the art is a compression-ignition type engine 
which is designed to inject fuel during the compression stroke before 60 degrees before top dead center (see Japanese 
Unexamined Patent Publication (Kokai) No. 7-317588). 

That is, if the pressure in the combustion chamber becomes high, the air resistance becomes larger, so the injected 
fuel has difficulty spreading throughout the entire combustion chamber. Therefore, this compression-ignition type 

20 engine was designed to inject the fuel before 60 degrees before top dead center in the compression stroke where the 
pressure in the combustion chamber is low. 

When causing the injected fuel to disperse throughout the combustion chamber in this way. smooth combustion is 
achieved without the generation of NOx or hydrocarbons if the amount of injected fuel is small. When the amount of fuel 
injected becomes larger, however, even if trying to cause the injected fuel to disperse throughout the combustion cham- 

25 ber, the fuel starts igniting early. Once the fuel ignites early, the temperature in the combustion chamber rises, so the 
fuel ignites even earlier As a result the combustion gradually becomes more intense and not only will knocking occur, 
but also large amounts of NOx and soot will be produced. 

In this way, in the above compression-ignition type engine, the ignition timing can no longer be controlled to the igni- 
tion timing giving a smooth combustion when the amount of injected fuel becomes large. If it were possible to control 

30 the ignition timing to the ignition timing giving smooth combustion in this case, then it would be possible to achieve 
smooth combustion with little generation of NOx and soot 

SUMMARY OF THE INVENTION 

35 An object of the present invention is to provide a compression-ignition type engine which is capable of controlling 
the ignition timing to an ignition timing giving a smooth combustion. 

According to the present invention, there is provided a compression-ignition type engine comprising a combustion 
chamber; a fuel injector injecting fuel toward the inside of the combustion chamber, an operating region of the engine 
being divided into a first operating region of a low load side and a second operating region of a high load side; injection 

40 control means for causing injection of fuel at least once before 50 degrees before top dead center of the compression 
stroke to cause combustion of the injected fuel when an operating state of the engine is in the first operating region, the 
injection control means injecting an amount of first fuel by which amount combustion does not occur even if injected, in 
a predetermined injection timing region of a latter half of a compression stroke where combustion does not occur even 
if injected, and causing injection of second fuel at a timing later than the predetermined injection timing region to cause 

45 combustion of the first fuel and the second fuel when the operating state of the engine is in the second operating region. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be more fully understood from the description of the preferred embodiments of the 
so invention set forth below together with the accompanying drawings, in which: 

Fig. 1 is an overall view of a compression-ignition type engine; 
Fig. 2 is a view of the output of an air-fuel ratio sensor; 

Figs. 3A and 3B and Figs. 4A and 4B are views of different injection timing regions; 
55 Rg. 5 is a view of the changes in pressure in the combustion chamber; 
Fig. 6 is a view of the range of the compression ratio of an engine; 
Rg. 7 is a view of the operating regions of an engine; 
Rgs. 8A and 8B are views of the injection timing; 
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Figs. 9A to 9C are maps of the total amount of fuel injection Q etc.; 
Fig. 10 is a flow chart of the injection control; 
Fig. 1 1 is a view of the injection timing etc.; 

Fig. 12 is a view of a map of a basic opening degree G62 of an EGR control valve; 
5 Figs. 13A and 13B are views of maps of target air excess rates etc.; and 
Fig. 1 4 is a flow chart of the injection control. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

io Referring to Fig. 1 , 1 designates an engine body, 2 a cylinder block, 3 a cylinder head, 4 a piston, 5 a combustion 
chamber, 6 an electrically controlled fuel injector, 7 an intake valve, 8 an intake port 9 an exhaust valve, and 10 an 
exhaust port. The intake port 8 is connected through a corresponding intake pipe 1 1 to a surge tank 12. The surge tank 
12 is connected to a compressor 15 of an exhaust turbocharger 14 through an intake duct 13. On the other hand, the 
exhaust port 10 is connected through an exhaust manifold 16 and exhaust pipe 17 to an exhaust turbine 18 of an 

is exhaust turbocharger 14. The outlet of the exhaust turbine 18 is connected to a catalytic converter 20 housing a three- 
way catalyst 19. Further, an air-fuel ratio sensor 21 is disposed in the exhaust manifold 16. 

The exhaust manifold 16 and surge tank 12 are connected with each other through an exhaust gas recirculation 
(hereinafter referred to as "EGR") passage 22. In the EGR passage 22 is disposed an electrically controlled EGR con- 
trol valve 23. The fuel injectors 6 are connected through fuel supply pipes 24 to a fuel reservoir, that is, a so-called com- 

20 mon rait 25. The common rail 25 is supplied with fuel from an electrically controlled variable discharge fuel pump 26. 
The fuel supplied in the common ran 25 is supplied through the fuel supply pipes 24 to the fuel injectors 6. The common 
rail 25 is provided with a fuel pressure sensor 27 for detecting the fuel pressure in the common rail 25. The output signal 
ol the fuel pressure sensor 27 is used to control the discharge of the fuel pump 26 so that the fuel pressure in the com- 
mon rail 25 becomes the target fuel pressure. 

25 An electronic control unit 30 is comprised of a digital computer and is provided with a read only memory (ROM) 32, 
random access memory (RAM) 33, microprocessor (CPU) 34, input port 35, and output port 36 connected to each other 
through a bidirectional bus 31 . The output signal of the air-fuel ratio sensor 21 is input through a corresponding AD con- 
verter 37 to the input port 35. Further, the output signal of the fuel pressure sensor 27 is input through a corresponding 
AD converter 37 to the input port 35. An accelerator pedal 40 has connected to it a load sensor 41 for generating an 

30 output voltage proportional to the amount of depression L of the accelerator pedal 40. The output voltage of the load 
sensor 41 is input through a corresponding AD converter 37 to the input port 35. Further, the input port 35 has con- 
nected to it a crank angle sensor 42 which generates an output pulse with each for example 30 degree revolution of the 
crankshaft On the other hand, the output port 36 is connected through a corresponding drive circuit 38 to the fuel injec- 
tors 6, EGR control valve 23, and fuel pump 26. 

35 Figure 2 shows the output current I of the air-fuel ratio sensor 21. As shown in Fig. 2, the air-fuel ratio sensor 21 
generates an output current I in accordance with the air excess rate X, that is, the air-fuel ratio, therefore it is possible 
to find the air-fuel ratio from the output current I of the air-fuel ratio sensor 21 . The output current I is converted to volt- 
age and input to the corresponding AD converter 37. 

In the embodiment shown in Fig. 1 , to get the injected fuel to be dispersed as uniformly as possible in the combus- 

40 tion chamber 5, the fuel injector 6 is comprised of a nozzle having a large number of nozzle openings. When using such 
a fuel injector 6 to make the injected fuel disperse in the combustion chamber 5, it was learned that depending on the 
amount of injection and the injection timing, there were cases where the injected fuel would burn and cases where the 
injected fuel would not bum. Therefore, first this will be explained with reference to Figs. 3A and 3B and Figs. 4A and 
4R 

45 In Figs. 3A and 3B and Figs. 4A and 4B, the ordinate indicates the crank angle, while the abscissa indicates the 
engine speed N. Further, Fig. 3A shows the case of injection of fuel in an amount of 5 percent of the maximum amount 
of injection, Fig. 3B shows the case of injection of fuel in an amount of 1 0 percent of the maximum amount of injection, 
Fig. 4A shows the case of injection of fuel in an amount of 20 percent of the maximum amount of injection, and Fig. 4B 
shows the case of injection of fuel in an amount of over 30 percent of the maximum amount of injection. 

so Further, in Figs. 3A and 3B and Figs. 4A and 4B, I indicates an injection timing region where normal combustion 
occurs as in the past when fuel is injected at an injection timing in the region, II shows an injection timing region where 
no combustion occurs when fuel is injected at an injection timing in the region, and III shows an injection timing region 
where almost no NOx or soot is generated when fuel is injected at an injection timing in the region. 

Whether or not the injected fuel bums depends on the density of the fuel particles and the temperature of the fuel 

55 particles. Simply speaking, when the density of the fuel particles is relatively low, combustion occurs if the temperature 
of tie fuel particles is high and does not occur if the temperature of the fuel particles is low. As opposed to this, when 
the density of the fuel particles is high, combustion occurs regardless of the temperature of the fuel particles. 

In this way, combustion occurs regardless of the temperature of the fuel particles if the density of the fuel particles 
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is high but the combustion at that time is explosive and generates a large amount of NOx and a large amount of soot 
That is, the injected fuel undergoes a chemical reaction when the temperature in the combustion chamber 5 is more 
than 700°K Before about 30 degrees BTDC, the temperature in the combustion chamber 5 is less than 700°K. there- 
fore if the fuel is injected before 30 degrees BTDC. the injected fuel disperses in the combustion chamber 5 without 
5 undergoing a chemical reaction. Next when the piston 4 rises and the temperature in the combustion chamber 5 
becomes higher than a certain temperature, the evaporated fuel around the fuel particles bonds with oxygen. Explain- 
ing this in more detail, the terminal carbons of the straight chain hydrocarbons are attacked by the oxygen radicals 
resulting in the formation of aldehyde groups at the terminals of the straight chain hydrocarbons, then the aldehyde 
groups become hydroxy groups. 
io If the fuel particles become dose together at this time, that is. when the density of the fuel particles is high, the fuel 
particles receive the heat of oxidation of the evaporated fuel of the surrounding fuel particles and become high in tem- 
perature. As a result the hydrocarbons in the fuel particles are broken down into hydrogen molecules Kfe and carbon 
C The hydrogen molecules Hfe produced by this thermal decomposition explosively burn and generate a high temper- 
ature therefore NOx is produced. On the other hand, when carbon C is produced by the thermal decomposition, the 
J5 carbon atoms bond with each other and part is discharged as soot In this way. when the density of the fuel particles is 
high, even if the fuel particles can be dispersed in the combustion chamber 5 without undergoing a chemical reaction. 
NOx and soot are produced due to the thermal decomposition of the hydrocarbons in the fuel particles. 

On the other hand, if the fuel is injected after about 30 degrees BTDC. the injected fuel immediately undergoes a 
chemical reaction and the hydrocarbons in the fuel particles are broken down by the heat As a result NOx and soot 
20 are produced. That is. when the density of the fuel particles is high, in other words, when there is a large amount of fuel 
injected NOx and soot are produced no matter when the fuel is injected. 

As opposed to this, when the density of the fuel particles is low. the situation is completely different Therefore, next, 
an explanation will be given of the combustion when the density of the fuel particles is low, that is, when the amount of 
fuel injection is less than 30 percent of the maximum amount of injection and the fuel particles are made to disperse. 
25 that is. the case where fuel is injected in the injection timing region III of Figs. 3A. 3B. 4A, and 4B. 

The curve of Rg. 5 shows the change in the pressure P in the combustion chamber 5 due to just the compression 
action of the piston 4. As will be understood from Rg. 5. the pressure P in the combustion chamber 5 rises rapidly when 
about 60 degrees BTDC is exceeded. This is regardless of the timing of opening of the intake valve 7. The pressure P 
in the combustion chamber 5 changes as shown in Rg. 5 in all types of reciprocating internal cordon engines . I 
so the pressure P in the combustion chamber 5 becomes high, the air resistance becomes great, so the injected foel wil 
not disperse over a wide range. To get the injected fuel to disperse over a wide range, it is necessary to inject the fuel 
when the pressure P in the combustion chamber 5 is low. ^ ^_ _ .. 

As shown in Rgs. 3A. 3B. 4A. and 4B. the injection timing region III is about 50 degrees BTDC. Therefore, if fuel is 
injected in the injection timing region III. the fuel particles disperse over a wide range. Further, since the amount* offoel 
injected is less than 30 percent of the maximum amount of injection, the density of the fuel particles in the combustion 
chamber becomes considerably low. . , , _ . ^ 

If the density of the fuel particles is low in this way. the space between fuel particles becomes larger. Therefore, 
when the evaporated fuel around the fuel particles bond with oxygen, the fuel particles do not receive much of the heat 
of oxidation of the evaporated fuel of the surrounding fuel particles and therefore the fuel particles do not break down 
40 under heat. As a result almost no hydrogen molecules H 2 or carbon C are P^ U ^J^«*^ 

stroke continues and the temperature of the fuel particles becomes higher, the evaporated fuel of the fuel particles sub- 
stantially simultaneously start to bum. 

If the evaporated fuel of the fuel particles substantially simultaneously start to bum in this way. there will not be any 
local high temperatures. Further, since the fuel particles are dispersed, the amount of heat generated per unit volume 
falls. As a result the combustion temperature falls as a whole and therefore smooth combustion without generation©^ 
NOx is obtained. Further/since there is sufficient air present around the fuel particles, soot is no longer be produced 

e!th As explained above. Rgs. 3A.3B. and 4A show cases where the anwuntscrf fuel injected a/e 5 percent 10 percent 
and 20 percent of the maximum amount of fuel injection. If fuel is injected in the injection timing region 111 «tatme. 
50 smooth combustion without generation of NOx or soot is obtained. Further. Rg. 4B shows the case where the amount 
of fuel injected is over 30 percent of the maximum amount of fuel injection. If fuel is injected in the injection timing region 
III smooth contoustion without generation of NOx and soot can be obtained up to an amount of fuel ^je^on^ atout 
50 percent of the maximum amount of injex^on. When the amoum of fuel injected exce^ 

Jr^mount of injection, the density of the fuel particles is high even if the fuel particles are dispersed, so NOx and 

55 ^iK^'en the amount of fuel injected is less than about 50 percent of the maximum amountof injection. 
smooTcSistion without generation of NOx and soot can be obtained if the fuel is injected ,n the injection timing 
region ill. 
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As shown in Figs. 3A. 3B. 4A. and 4B. the latest injection timing of the injection timing region 111. that is. in Figs. 3A, 
3B. and 4A. the boundary Y between the injection timing region III and the injection timing region II and. in Fig. 4B, the 
boundary XY between the injection timing period 111 and the injection timing period I. i| su^taMally the same «reg*r* 
less of the amount of injection. That is. the boundaries Y and XY are near 50 degrees BTDC when the engine speed N 
is 600 rpra The higher the engine speed N becomes, the more they shift to ^^^^ er ^^^^^ l ? n 
stroke. When the engine speed N is 4000 rpm, they become about 90 degrees BTDC I** i* ri M tmal farthe 
injected fuel to disperse, therefore to get the injected fuel to disperse, that is. to make the density of the fuel particles 
low it is necessary to make the injection timing earlier the higher the engine speed N. Further, the riigher the engine 
soeed N the shorter the time for heating the fuel particles, therefore in order to give the fuel particles suffiaent heat 
required for the fuel particles to ignite, it is necessary to make the injection timing earlier the higher the engine speed 
^Therefore, as shown in Figs. 3A, 3B. 4A, and 4B. the boundaries X and XY shift toward the bottom dead center of 
the compression stroke as the engine speed N rises. ^ 

Note that the boundaries X and XY do not in practice appear as clearly as shown in Figs. 3 A. 3B. 4A. and 4B. there- 
toe the boundaries X and XY express the approximate timings of the latest injection timing in the injection timing region 

'" Next an explanation will be given of the injection timing region II. As explained earlier, no combustion occurs if fuel 
of less than about 30 percent of the maximum amount of injection is injected in the injection timing regionll. 

That is. as explained above, before about 30 degrees BTDC. the temperature in the combustion chamber 5 is less 
than 700»K therefore if fuel is injected in the injection liming region II. no chemical reaction occurs. Further, since the 
pressure P in the combustion chamber 5 is higher in the injection timing region II than the injection timing region III, the 
degree of dispersion of the fuel particles is tower than in the injection timing region III. Since the amount of fuel injected 
is less than 30 percent of the maximum amount of injection, however, the density of the fuel particles is relatively small 
even H the degree of dispersion of the fuel particles falls somewhat H the density of the fuel particles is low in this way. 
the space between fuel panicles becomes greater and therefore, as explained above, the fuel particles do not receive 
muchof the heat of oxidation of the evaporated fuel of the surrounding fuel particles and so do not break down under 
heat Therefore, no explosive combustion occurs 

On the other hand, as mentioned above, if the evaporated fuel of the fuel particles undergoes an oxidation reaction, 
hydroxy groups are produced at the terminals of the straight chain hydrocarbons. When the piston 4 next rises, the 
arnountofthestraight chain hydrocaibons with hydroxy groups, that is, the amount of oxygen-containing easily burna- 
ble hydrocarbons, increases. The injection timing region II is however later in injection timing than the injection bmmg 
region III. therefore the temperature of the fuel particles injected in the injection timing region II does not nseto the 
extent of ignition. Therefore, combustion does not start even if the amount of oxygen-containing eas.ly burnable hydro- 

^fWlhetoSead center of the compression stroke is reached in this state, that is. in the state with an increase in 
the amount of oxygen-containing easily burnable hydrocaroons without combustion, tf nothrng is then done, the fuel will 

^ 'Is shoSTi^t^ and 4A. the latest injection timing in the injection timing region II. that is. the boundary X 
between the injection timing region II and the injection timing region I. is substantially parallel to *eboi^ry y That 
is, the width of the injection timing region II. in other words, the width between the boundary X and the ^aorY 
becomes substantially constant regardless of the engine speed N. Further, as shown in Figs. 3A, 3B and 4A. tfie wtoth 

imum amount of injection. As shown in Fig. 4B. when the amount of injection becomes more than 30 percent of the 
maximum amount of injection, the injection timing region II disappears. . ne . _ _ A m „ 

That is. when the amount of injection is 5 percent of the max«rmm amourt rt^erton asshowr, , in ^ 3£ 
boundary X when the engine speed N is 600 rpm is about 20 degrees BTDC and the wrdth be^enme b^ndary X 
and the boundary Y increases from about 30 degrees crank angle to about 40 degrees crank angle When the amount 
oT^^sTo percent of the maximum amount of injection, as shown in Fig. 3B. the boundary X when , the ^engine 
JeedN is 600 rpm is about 30 degrees BTDC and the width between the boundary X and ^boundary Y peases 
rmlboS 20 deVees era* anglelo about 30 degree 

Sa^mamounTof injection, as shown in Fig. 4A, the boundary X when the engine speed N « 600 rpm is about 40 
degrees BTDC and the width between the boundary X and the boundary Y increases from about 10 degrees crank 
angle to about 15 degrees crank angle. When the amount of injection is over 30 percent of the maximum amount of 
injection, as shown inFig.4B. the injection timing region II disappears. 

Hthe amount of fuel injection is increased, the density of the fuel partJc.es becomes greater, 
amount of fuel injection is increased, the degree of dispersion of the fuel particles has to be mcr eased lor elsecomb^ 
Sot will occur. The degree of dispersion of fuel particles becomes higher the earlier the injection timing, therefore the 
width of the injection timing region II becomes smaller the larger the amount of injection. . . . 

Further, the injection timing region II shifts to the tow load side the higher the engine speed N. That rs. as explained 



5 



# 



EP0887 525A2 



above, it takes time for th injected fuel to disperse. If the injection timing is not made earlier the higher the engine 
speed N the degree of dispersion of the fuel particles will not become smaller. Therefore, the injection timing region 11 
shifts to the low load side the higher the engine speed N. Note that the boundary X is expressed dearer than the bound- 
aries Y and XY. 

5 On the other hand, if fuel is injected in the injection timing region I. normal combustion as cn the past occurs. That 

is. in the injection timing region I. since the pressure P in the combustion chamber 5 (Fig. 5) is high and therefore the 
injected fuel does not sufficiently disperse, the density of the fuel particles becomes higher. As a result, the fuel parti- 
cles break down by the heat causing explosive combustion and the generation of large amounts of NOx and soot 
As explained above, when the amount of fuel injection is less than 30 percent of the maximum amount of injection. 
io no combustion win occur when fuel is injected in the injection timing region II. As opposed to this, when the amount of 
fuel injection becomes more than 30 percent of the maximum amount of injectioa the injected fuel will burn no matter 
what the injection tinting region. In this case, as shown in Fig. 48. there are only the injection timing regions I and III. 

If the injected fuel is made to disperse in this way, when the amount of fuel injection is less than 30 percent of the 
maximum amount of injection, the injection tinting region can be divided into the injection timing region I where explo- 
is sive combustion occurs, the injection timing region III where smooth combustion occurs without the generation of NOx 
and soot and the injection timing region II where no combustion occurs between the injection timing regions I and 111. 
On the other hand, when the amount of fuel injection is over 30 percent of the maximum amount of injection and less 
than about 50 percent, the injection timing region can be divided into the injection timing region I and the injection timing 
region III. When the amount of fuel injection is more than about 50 percent normal combustion occurs as in the past 
20 over the entire injection tinting region. 

Note that the injection timing region II shown in Figs. 3A, 3B. and 4A is affected by the compression ratio and the 
EGR rate (= amount of EGR gas/(amount of intake air + amount of EGR gas)) . Tnat is. when the engine compression 
ratio becomes higher, in the injection timing region II shown in Figs. 3A. 3B. and 4A, the pressure in the combustion 
chamber 5 becomes higher, so the fuel particles become harder to disperse and the temperature of the gas in the conv 
25 bustion chamber 5 also rises. Accordingly, rf fuel is injected in the injection timing region II shown in Rgs. 3A, 3B. and 
4A. the fuel particles break down due to the heat and therefore ignite. Therefore, if the engine compression ratio rises, 
the injection timing region II where no combustion occurs disappears. 

On the other hand. H the EGR rate is made larger, the density of the oxygen around the fuel particles becomes 
smaller ami as a result the heat of oxidation of the evaporated fuel from the fuel particles becomes lower, so even rf the 
so degree of dispersion of the fuel particles becomes smaller to a certain extent the fuel particles no longer breaks down 
by the heat Tnerefore. there is an injection timing region II where no combustion will occur even when the engine com- 
pression ratio is made a bit higher when the EGR rate is high. 

Tne solid line E in Fig. 6 shows the upper limit of the engine compression ratio in the injection timing region 1 1 wnere 
no combustion occurs as shown in Figs. 3A, 3B. and 4A. As shown in Fig. 6. when the EGR rate is zero, the upper limit 
as E of the engine compression ratio in the injection timing region II where no combustion occurs is about 16.0. If the 
engine compression ratio becomes larger than about 1 6.0. there is no longer an injection timing region II where no com- 

bustion occurs. ' ,. . 

On the other hand, the upper Omit E of the engine compression ratio in the injection timing region II where no com- 
bustion occurs becomes higher the higher the EGR rate. Further, to cause compression ignition, the engine compres- 

w sion ratio must be made at least about 12.0. Therefore, the range of engine compression ratio in the injection timing 
region II where no combustion occurs becomes the range shown by the hatching in Fig. 6. 

As explained earlier, if fuel is injected in an amount of less than 30 percent of the maximum amount of 'njectonin 
the injection timing region II. a considerable amount of oxygen-containing easily burnable hydrocarbon are produced 
in the combustion chairtber near top dead center of the compression stroke. No combustion occurs at this time, there- 

45 tore if fuel is again injected at this time, the fuel particles are dispersed in the combustion chamber 5 without burnmg. 
When the temperature rises, the fuel particles break down by heat at all locations. When the fuel partdes break down 
by heat tne hydrogen molecules Hg produced bum and as a result the pressure in the combustion chamber 5 as a 

whole rises so the temperature in the combustion chamber 5 as a whole rises. 

When the temperature in the combustion chamber 5 as a whole rises, the oxygen-containing easily burnable hydro- 

so caibons dispersed in the combustion chamber S as a whole simultaneously start to burn, whereby the fuelparticles 
injected the second time can be burned. If combustion is started simultaneously throughout the combustion chamber 5 
in this way, there is no local rise in the combustion temperature and the combustion temperature 'n the combustion 
chanter 5 becomes lower as a whole so generation of NOx is suppressed. Further. ^J^f^^l^* 
time can be burned after being dispersed, there is sufficient air present around the fuel particles and therefore the gen- 

55 eration of soot is also suppressed. -.v»^:.«,.w^in« 
If first fuel of an amount of not more than 30 percent of the maximum amount of injection is injected in the injection 
timing region II and then second fuel is injected at substantially top dead center of the compression strokeor aftertop 
dead center of the compression stroke, it is possible to obtain smooth combustion with little generation of NOx and soot 
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As explained above, however, if fueJ is injected in the injection timing region III, almost no NOx or soot is produced. 
The amount of NOx and soot produced becomes smaller in the case of injecting fuel in the injection timing region III 
than in the case of injecting fuel in the injection timing region II and then injecting fuel at substantially top dead center 
of the compression stroke or after top dead center of the compression stroke. Therefore, it is preferable to inject fuel in 

5 the injection timing region III as much as possible. As explained above, however, when injecting fuel in the injection tim- 
ing region III. almost no NOx or soot is generated when the amount of fuel injected is less than about 50 percent of the 
maximum amount of injection. 

Therefore, in the present invention, as shown in Fig. 7, the engine operating region is divided into a f irst operating 
region F at the low load side and a second operating region G at a high load side. When the engine is in the operating 

10 region F, fuel is injected at least once in the injection timing region III, while when the engine is in the operating region 
G, first fuel of not more than 30 percent of the maximum amount of injection is injected in the injection timing region II, 
then the second fuel is injected at substantially the top dead center of the compression stroke or after top dead center 
of the compression stroke. 

Note that in the past compression-ignition type engines have been designed to inject a small amount of fuel before 
is the main injection, that is, perform a pilot injection. This pilot injection is usually performed in the injection tinning region 
I shown in Figs. 3A, 3B, and 4A. Therefore, the pilot fuel injected ignites on its own. As opposed to this, in the present 
invention, the fuel injected in the injection tinting region II does not ignite on its own. Accordingly, the injection action in 
the injection timing region II and the conventional pilot injection action can be dearly differentiated from other each. 
Note that in Fig. 7, the ordinate Q shows the total amount of fuel injection, while the abscissa N shows the engine 
20 speed. 

Figure 8A shows the injection timings of the fuel injection I at the operating region F and the first fuel injection h 
and the second fuel injection at the operating region G at a specific engine speed N, for example, 1500 rpm. Figure 
8B shows the injection timing of the first fuel injection !«, at the operating region G. Note that the abscissa Q of Fig. 8A 
shows the total amount of fuel injection Q, while the abscissa N of Rg. 8B shows the engine speed. 
25 Further, in Figs. 8A and 8B, eS and 8E in the operating region F show the injection start timing and the injection 
end timing of the fuel injection I, 6S1 and 0E1 in the operating region G show the injection start timing and the injection 
end timing of the first fuel injection l t , while eS2 and 6E2 in the operating region G show the injection start timing and 
injection end timing of the second fuel injection l 2 . Further, Figs. 8A and 8B show the case where the fuel pressure in 
the common rail 25 is maintained at a certain constant pressure. Therefore, in Figs. 8A and 8B, the amount of fuel injec- 
30 tion is proportional to the injection timing. 

As shown in Rg. 8A. in the embodiment of the present invention, the injection end timing eE of the fuel injection I 
is fixed to substantially 70 degrees BTDC, therefore in this embodiment, a single fuel injection is performed near 70 
degrees BTDC. Of course, in this case, it is also possible to divide the fuel injection I into two. 

On the other hand, as shown in Rg. 8B, the first fuel injection 1 1 in the operating region G is performed at a timing 
35 close to the relative boundary X in the injection timing region II, therefore the timing of the first fuel injection h is made 
earlier the higher the engine speed N. Note that in the embodiment shown in Rgs. 8A and 8B. the amount of injection 
of the first fuel injection h is made 10 percent of the maximum amount of injection. Further, in the embodiment shown 
in Rgs. 8A and 8B, the injection start timing eS2 of the second fuel injection ^ is fixed to the top dead center of the com- 
pression stroke (TDC). 

40 In Rg. 8A, the total amount of fuel injection Q is a function of the amount of depression L of the accelerator pedal 
40 and the engine speed N. The total amount of fuel injection Q is stored in advance in the ROM 32 in the form of the 
map shown in Rg. 9A. On the other hand, the injection amount Q1 of the first fuel injection h is a function of the total 
amount of fuel injection Q and the engine speed N. The injection amount Q1 is also stored in advance in the ROM 32 
in the form of the map shown in Rg. 9B. Further, the injection start timing 8S1 of the first fuel injection l t is also a func- 

45 tion of the total amount of fuel injection Q and the engine speed N. The injection start timing 8S1 is also stored in 
advance in the ROM 32 in the form of the map shown in Rg. 9C. 

Rgure 1 0 shows the injection control routine. Referring to Rg. 1 0, first at step 50, the total amount of fuel injection 
Q is calculated from the map shown in Rg. 9A. Next, at step 51 . it is judged if the operating state of the engine is in the 
operating region F of Rg. 7 or not. When the engine operating state is in the operating region F, the routine proceeds 

50 to step 52. where the injection start timing eS of the fuel injection I is calculated based on the total amount of fuel injec- 
tion Q. As opposed to this, when the engine operating state is not in the operating region F, that is. is in the operating 
region G of Rg. 7, the routine proceeds to step 53. where the injection amount Q1 of the first fuel injection l 1 is calcu- 
lated from the map shown in Rg. 9B. Next, at step 54, the injection start timing 8S1 of the first fuel injection I, is calcu- 
lated from the map shown in Rg. 9C. Next at step 55. the injection end timing 8E1 of the first fuel injection l t is 

55 calculated based on the injection amount Ql and the injection start timing 6S1 . Next at step 56, the injection end timing 
0E2 of the second fuel injection is calculated based on the total amount of fuel injection Q and the fuel inj ection Q1 
etc. 

Rgure 1 1 to Rg. 14 show another embodiment 



7 



EP0887 525A2 



As explained above, almost no NOx or soot is produced in the operating region F. On the other hand, in the oper- 
ating region G, while the amount of NOx and soot produced is small, some NOx and soot are produced, in this embod- 
iment, to prevent a large amount of NOx and soot that is, hydrocarbons, from being released into the atmosphere in 
the operating region G. the air excess rate X is controlled to 1.0 as shown by X2 in Fig. 11. That is, the air-fuel ratio is 
controlled to the stoichiometric air-fuel ratio. If the air-fuel ratio is controlled to the stoichiometric air-fuel ratio, the NOx 
and hydrocarbons can be removed well by the three-way catalyst 19 and therefore the release of NOx and hydrocar- 
bons into the atmosphere can be prevented. 

On the other hand, in this embodiment, the amount of EGR gas is controlled to control the air-fuel ratio to the stoi- 
chiometric air-fuel ratio. The basic opening degree G92 of the EGR control valve 23 required for making the air-fuel ratio 
the stoichiometric air-fuel ratio becomes a function of the total amount of fuel injection Q and the engine speed N. This 
basic opening degree G62 is stored in advance in the ROM 32 in the form of the map shown in Fig. 1 2. 

In an ordinary compression-ignition type engine, it is not possible to control the amount of EGR gas to maintain the 
air-fuel ratio at the stoichiometric air-fuel ratio. In the operating region G of the present invention, however, as explained 
above, oxygen-containing hydrocarbons are produced by the first fuel injection I-, near the substantially top dead center 
of the compression stroke. Therefore, even if the amount of EGR gas is controlled to maintain the air-fuel ratio at the 
stoichiometric air-fuel ratio, since the hydrocarbons themselves contain oxygen, the fuel ignites and burns well when 
the second fuel injection is started. 

Further, in this embodiment in the operating region F, the air excess rate X is controlled to a value larger than 1.0 
as shown by X1 in Fig. 1 1 . Further, the air excess rate X is reduced the greater the total amount of fuel injection Q. The 
target air excess rate X1 in the operating region F is in actuality a function of the amount of fuel injection Q and the 
engine speed. The target air excess rate X1 is stored in advance in the ROM 32 in the form of the map shown in Fig. 
13 A. Further, the basic opening degree G61 of the EGR control valve 23 required for making the air excess rate X the 
target air excess rate XI is a function of the amount of fuel injection Q and the engine speed N. This basic opening 
degree G92 is also stored in advance in the ROM 32 in the form of the map shown in Fig. 13B. 

Figure 1 4 shows a routine for injection control. Referring to Fig. 1 4, first at step 60, the total amount of fuel injection 
Q is calculated from the map shown in Fig. 9A. Next, at step 61 , it is judged if the operating state of the engine "is in the 
operating region F of Fig. 7 or not When the engine operating state is in the operating region F, the routine proceeds 
to step 62. 

A! step 62. the injection start timing eS is calculated based on the total amount of fuel injection Q. Next at step 63, 
the target air excess rate X1 is calculated from the map shown in Fig. 13A. then at step 64. the basic opening degree 
"Gel of the EGR control valve 23 is calculated from the map shown in Fig. 13B. Next, at step 65. it is judged if the air 
excess rate X detected by the air-fuel ratio sensor 21 is larger than the target air excess rate X1 or not. When X>X1 , the 
routine proceeds to step 66, where a constant value a is added to the correction value A61 . then the routine proceeds 
to step 68. As opposed to this, when X£X1 , the routine proceeds to step 67, where the constant value a is subtracted 
from the correction value A01 , then the routine proceeds to step 68. At step 68. the correction value A01 is added to the 
basic opening degree G61 to calculate the final opening degree G8 of the EGR control valve 23. 

On the other hand, when it is judged at step 61 that the engine operating state is not in the operating state F. that 
is. the engine operating state is in the operating region G. the routine proceeds to step 69. where the injection amount 
Q1 of the first fuel injection lj is calculated from the map shown in Fig. 9B. Next, at step 70, the injection start timing 
6S1 of the first fuel injection h is calculated from the map shown in Fig. 9C. Next at step 71 , the injection end timing 
6E1 of the first fuel injection h is calculated based on the injection amount Q1 and the injection start timing 0S1 . Next, 
at step 72, the injection end timing eE2 of the second fuel injection l 2 is calculated based on the total amount of fuel 
injection Q and the fuel injection Q1 etc. 

Next at step 73. the basic opening degree G02 of the EGR control valve 23 is calculated from the map shown in 
Fig. 12. Next at step 74. it is judged if the air excess rate X detected by the air-fuel ratio sensor 21 is larger than 1 .0 or 
not When X>1 .0, the routine proceeds to step 75. where a constant value p is added to the correction value A92. then 
the routine proceeds to step 77. As opposed to this, when X£1.0, the routine proceeds to step 76. where the constant 
value p is subtracted from the correction value A82. then the routine proceeds to step 77. At step 77, the correction 
value A92 is added to the basic opening degree G82 to calculate the final opening degree Ge of the EGR control valve 
23. 

According to the present invention, as mentioned above, it is possible to suppress the generation of NOx and soot 
over the entire operating region of the engine. _ 

While the invention has been described with reference to specific embodiments chosen for purposes of illustration, 
it should be apparent that numerous modifications could be made thereto by those skilled in the art without departing 
from the basic % concept and scope of the invention. 

A compression-ignition type engine in which the engine operating region is divided into a first operating region F of 
a low load side and a second operating region G of a high toad side. When the engine operating state is in the first oper- 
ating region F, fuel is injected just once before 50 degrees before top dead center of the compression stroke. When the 
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engine operating state is in the second operating region Q. first fueJ injection lj of an amount of not mor than 30 per- 
cent of the maximum amount of fuel is performed in an injection timing region II and second fuel injection l 2 is performed 
at substantially the top dead center of the compression stroke. 

Claims 

1 . A compression-ignition type engine comprising: 

a combustion chamber; 

a fuel injector injecting fuel toward the inside of the combustion chamber, an operating region of the engine 
being divided into a first operating region of a low load side and a second operating region of a high load side; 
injection control means for causing injection of fuel at least once before 50 degrees before top dead center of 
the compression stroke to cause combustion of the injected fuel when an operating state of the engine is in the 
first operating region, said injection control means injecting an amount of first fuel by which amount combustion 
does not occur even if injected, in a predetermined injection timing region of a latter half of a compression 
stroke where combustion does not occur even if injected, and causing injection of second fuel at a timing later 
than the predetermined injection timing region to cause combustion of the first fuel and the second fuel when 
the operating state of the engine is in the second operating region. 

2. A compression-ignition type engine as set forth in daim 1 , wherein the amount of the first fuel where combustion 
does not occur even with injection when the operating state of the engine is the second operating region is not more 
than 30 percent of the maximum amount of injection. 

3. A compression-ignition type engine as set forth in claim 1 , wherein said predetermined injection timing region is 
from about 90 degrees before top dead center of the compression stroke to about 20 degrees before top dead 
center of the compression stroke. 

4. A compression-ignition type engine as set forth in claim 3, wherein the earliest injection timing in the predetermined 
injection timing region shifts toward the bottom dead center of the compression stroke the higher the engine speed 
and the latest injection timing in the predetermined injection timing region shifts toward the bottom dead center of 
the compression stroke the higher the engine speed. 

5. A compression-ignition type engine as set forth in claim 4. wherein the earliest injection timing is near 50 degrees 
before top dead center of the compression stroke when the engine speed is 600 rpm and near 90 degrees before 
top dead center of the compression stroke when the engine speed is 4000 rpm. 

6. A compression-ignition type engine as set forth in claim 4, wherein the latest injection timing shifts toward the bot- 
tom dead center of the compression stroke the larger the ratio of the amount of the first fuel injection to the maxi- 
mum amount of injection and the difference between the earliest injection timing and the latest injection timing at 
the same engine speed becomes Smaller the larger the ratio 

7. A corrpression-ignition type engine as set forth in claim 6, wherein when the amount of the first fuel injection is 5 
percent of the maximum amount of injection and the engine speed is 600 rpm, the latest injection timing is about 
20 degrees before top dead center of the compression stroke and the difference in injection timings is from about 
30 degrees crank angle to 40 degrees crank angle 

8- A cornpressionHgnition type engine as set forth in claim 6, wherein when the amount of the first fuel injection is 10 
percent of the maximum amount of injection and tie engine speed is 600 rpm, the latest injection timing is about 
30 degrees before top dead center of the compression stroke and the difference in injection timings is from about 
20 degrees crank angle to 30 degrees crank angle. 

9. A conpression-ignrtion type engine as set forth in claim 6, wherein when the amount of the first fuel injection is 20 
percent of the maximum amount of injection and the engine speed is 600 rpm, the latest injection timing is about 
40 degrees before top dead center of the compression stroke and the difference in injection timings is from about 
10 degrees crank angle to 15 degrees crank angle. 

1 0. A compression-ignition type engine as set forth in claim 1 , wherein the first fuel injection timing is made earlier the 
higher the engine speed when the operating state of the engine is in the second operating region. 
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„ Ammnressi0 nHaniti n type engine as sat forth in daim 1 . wherein the second fuel injection is performed at sub- 
• iS^S^SZ the compression stroke or after fop dead center of the compression stroke when the 
operating state of the engine is in the second operating region. 

5 12. A compressionHgnition type engine as set forth in claim 1. further comprising air-fuel ratio controlling means for 
controliing the air-fuel ratio to a predetermined target air-fuel ratio. 

13- Acompression^gnition type engine as set forth in daim 12. wherein saki target 
ratio when the operating state of the engine is in the first operating region. 

14 A compressiorvignition type engine as set forth in claim 12. wherein saic I *rgel £ir-fuel ratio is made the stoichio- 
ratio whence operating state of the engine is in the second operating region. 

15. A compression-ignrtion type engine as set forth in claim 12, wherein said air-fuel ratio controlling means controls 
Sra^urTof exhaust gas recirculation to control the air-fuel ratio to the target air-fuel ratio. 

16. A cornpression-ignmon type engine as set forth in claim 1 , wherein a three-way catalyst is arranged in an engine 
exhaust passage. 
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Fig.3A 



COMPRESSION 
TDC 

CRANK ANGLE 




600 1000 2000 

Fig.3B 



3000 4000 
N(r. p.m) 



COMPRESSION 
TDC 

CRANK ANGLE 




600 1000 



3000 4000 
N(r. p.m) 



13 




EP 0 887 525 A2 



Fig.4A 
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Fig. 5 
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Fig.12 
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